One sentence summary: The two-spotted cricket is an animal infection model for human pathogenic bacteria that can be used at variable temperature including 37
INTRODUCTION
Understanding bacterial virulence expression and host immune systems is important toward establishing therapeutic strategies against bacterial infectious diseases. Mammalian model animals such as mice and rabbits are often utilized, but the use of mammals for experimental studies is ethically and economically problematic (Baumans 2004) . Studies of invertebrate animal models effectively solve many of the problems associated with mammalian models. Invertebrate animals are, however, heterotherm; hence, temperature, an important environmental factor for host-pathogen interactions, differs between infection experiments using invertebrate animal models and those using mammalian models. Because human infectious diseases occur at a temperature of 37
• C or higher, at which some pathogenic bacteria increase their expression of virulence factors (Smoot et al. 2001; Johansson et al. 2002; Grosso-Becerra et al. 2014) , investigation of the host-pathogen interaction at high temperatures using invertebrate animals would be very valuable.
Frequently used invertebrate model animals, such as the nematode, Caenorhabditis elegans and fruit fly, Drosophila melanogaster, led to the identification of many innate immune factors, including the Toll receptor (Lemaitre et al. 1996) . Caenorhabditis elegans and D. melanogaster, however, cannot survive at 37
• C, the human body temperature (Clark and Fucito 1998; Treinin et al. 2003) . Silkworms, larvae of the lepidopteran insect Bombyx mori, have advantageous characteristics of slower movement and larger body size than C. elegans and D. melanogaster, making it easy to inject quantitative amounts of bacterial solution into the hemolymph (Kaito and Sekimizu 2007) . Silkworms have been used to evaluate the virulence properties of human pathogenic bacteria, such as Staphylococcus aureus (Kaito et al. 2002) , Streptococcus pyogenes (Kaito et al. 2005) , the enterohemorrhagic Escherichia coli (Miyashita et al. 2012) and Serratia marcescens (Ishii, Hamamoto and Sekimizu 2012) to identify novel virulence factors and to investigate innate immune systems (Ishii et al. 2010; Hanada, Sekimizu and Kaito 2011; Miyashita et al. 2014) . Although infection experiments using silkworms can be performed at 37
• C, the sensitivity of silkworms to bacterial infection is strikingly higher at 37
• C than that at 27
• C . This is presumed to be due to a decrease in the physiologic functions of silkworms at 37
• C, which includes inhibition of hemocyte proliferation at high temperatures (Kiuchi, Aoki and Nagata. 2008) . Therefore, evaluation of bacterial virulence in a silkworm infection experiment at 37
• C is performed in an immunocompromised host environment. The larvae of Galleria mellonella, another lepidopteran insect, can also survive at 37 • C and have been used to evaluate the virulence of various human pathogenic bacteria. Like silkworms, however, the larvae of G. mellonella also exhibit increased infection sensitivity at high temperatures (Mylonakis et al. 2005; Peleg et al. 2009; Desbois and Coote 2011) .
To overcome the limitations of existing invertebrate animal models, we focused our efforts on the two-spotted cricket, Gryllus bimaculatus, which inhabits tropical and subtropical areas of Europe, Africa and Asia (Mito and Noji 2008) . Because the two-spotted cricket is a tropical insect and the males call females even at 35
• C (Walker 1962) , we speculated that utilization of the two-spotted cricket could overcome the disadvantage of increased infection sensitivity in the currently used invertebrate animals at high temperatures. In addition, two-spotted crickets are easily available because they are distributed in pet stores throughout the world as food for reptiles and amphibians. The body size of the crickets is large enough to inject quantitative amounts of sample solutions into the hemolymph. Reversegenetic approaches have been established in crickets, such as RNA interference (Miyawaki et al. 2004 ) and genome editing using the TALEN system (Watanabe et al. 2012; Watanabe, Noji and Mito 2014) , which will facilitate investigations of host-pathogen interactions at the molecular level. In the present study, we used two-spotted crickets as an infection model of human pathogenic bacteria including S. aureus, P. aeruginosa and L. monocytogenes and examined the effects of temperature on infection sensitivity. We also evaluated the virulence genes of S. aureus in the cricket model.
MATERIALS AND METHODS

Crickets
Eighth instar nymphs of Gryllus bimaculatus were purchased from Tsukiyono Farm (Gumma, Japan). Crickets were kept as previously reported (Miyashita et al. 2016a,b) . Briefly, the ∼150 crickets were maintained in a plastic cage (W320 × L170 × H210 mm) at 27
• C with three paper egg trays (W85 × L165 mm), fed an artificial diet 'Korogi-food' (Tsukiyono Farm) and supplied with a dampened paper towel (Kimtowel, Crecia Co., Tokyo, Japan) in a plastic dish. Adult crickets, within 1 week after eclosion, were used for the experiments. (Nagata, Kaito and Sekimizu 2008) , agr (Miyazaki et al. 2012) and srtA (Miyazaki et al. 2012) were streaked on Luria-Bertani agar plates, containing 100 μg ml -1 phleomycin, 5 μg ml -1 tetracycline or 12.5 μg ml -1 chloramphenicol, respectively. Single colonies of S. aureus or P. aeruginosa strains were inoculated into 10 mL of Luria-Bertani broth in 50-mL conical tubes (Falcon) and aerobically cultured at 150 rpm in a shaking incubator (BR-3000LF, TAITEC corp., Saitama, Japan) overnight at 37
Bacterial strains and culture conditions
• C. Listeria monocytogenes stock was streaked on brain heart infusion agar plates and incubated overnight at 37
• C. Single colony was inoculated into 10 mL of brain heart infusion broth and aerobically cultured at 150 rpm in a shaking incubator overnight at 37
• C. Details of the bacterial strains used in this study are presented in Table S1 (Supporting Information).
Cricket infection experiment
Overnight bacterial cultures were centrifuged at 5000 g for 6 min, suspended in saline and serially diluted with saline. The bacterial solution (50 μl) was injected into the hemocoel of the cricket from the ventral abdominal region using a 1-ml syringe equipped with a 30-gauge needle. The injected crickets (n = 3 or 5/group) were maintained with food and water in a disposable plastic dish (129 × H97 mm) under dark conditions at 27
• C or 37
• C. The sex ratio was set to be comparable between experimental groups. Survival after the injection was monitored. On the day of the infection experiment, the bacterial overnight cultures, which were used for infection, were diluted 10 6 -fold with saline, spread onto Luria-Bertani agar plates and incubated overnight at 37 • C. After the incubation, the colonies were counted and the bacterial colony-forming units (CFU) injected into a cricket were calculated. The half maximal lethal dose (LD 50 ) was determined by logistic regression analysis from the survival ratio at 24 h after the injection. The survival data in each experiment are presented in Table S2 (Supporting Information).
Measurement of bacterial cell number in the cricket hemolymph
Crickets were injected with a lethal dose of S. aureus [9.8 ± 0.7 (×10 7 CFU/cricket)] or P. aeruginosa [2.0 ± 0.5 (×10 7 CFU/cricket)].
The cricket abdominal region was pricked with a 30-gauge needle, and the bled hemolymph was collected using a P20 pipetteman at different time points after the injection, diluted with saline and spread onto Luria-Bertani agar plates. Colonies that appeared after overnight incubation at 37
• C were counted to calculate the number of viable cells in the hemolymph. Experiments were independently performed two times. 
Determination of minimum inhibitory concentration
Evaluation of therapeutic effects of antibiotic agents
Crickets were injected with lethal doses of S. aureus NCTC8325-4, S. aureus MRSA8, P. aeruginosa PAO1 or P. aeruginosa BAA-2114, followed by immediate injection with kanamycin (200 μg/cricket), ciprofloxacin (50 μg/cricket), ceftazidime (50 μg/cricket), oxacillin (100 μg/cricket), vancomycin (50 μg/cricket) or saline. The injected amount of drug was determined based on the cricket weight, ∼0.5 g. Cricket survival was monitored after the injection. Experiments were independently performed three times.
Statistical analysis
Cricket survival against different bacterial doses were plotted and dose-response survival curves determined by logistic regression. To compare two dose-response survival curves, a likelihood ratio test was performed using R ver. 3.2.3 for Windows. To determine the LD 50 value and its standard error, we utilized the 'MASS' library in R. To test whether the bacterial cell number increased significantly in the cricket hemolymph, we performed an analysis of variance followed by Tukey's multiple comparison test, using R ver. 2.15.3 for Mac. To test whether there was a significant difference between two time-survival curves, we performed the Log-rank test using Prism ver. 5.0c for Mac OS X (GraphPad Software, Inc.).
RESULTS
Cricket killing by bacterial injection
To determine whether two-spotted crickets are killed by human pathogenic bacteria, we injected Pseudomonas aeruginosa or Staphylococcus aureus cells into the hemocoel of crickets from the ventral abdominal region (Fig. 1A) and maintained them at 27
Crickets injected with P. aeruginosa or S. aureus died after the bacterial injection, whereas all crickets injected with saline survived ( Fig. 1B and C) . These findings suggest that P. aeruginosa and S. aureus kills crickets by the intrahemolymph route.
Effect of sex on the cricket sensitivity to bacterial infection
In the two-spotted crickets, sex affects prophenoloxidase activity, lysozyme activity and hemocyte density, which are involved in the innate immune system (Hammerschmidt et al. 2012) . We examined whether sex affects the sensitivity of crickets to bacterial infection. In both S. aureus and P. aeruginosa infections, there were no differences in the survival curves between males and females (Fig. 1D) . The results suggest that there are no sex differences in the infection sensitivity of crickets to P. aeruginosa and S. aureus in the assay condition of this study.
Cricket killing by various strains of Staphylococcus aureus and Pseudomonas aeruginosa
To determine whether the killing ability against crickets is conserved among P. aeruginosa and S. aureus strains, P. aeruginosa and S. aureus strains other than P. aeruginosa PAO1 and S. aureus NCTC8325-4, including multidrug resistant P. aeruginosa strain BAA-2114, methicillin-sensitive S. aureus strains, including Newman and MSSA1 and methicillin-resistant S. aureus strains, including MW2, FRP3757 and MRSA8, were examined for their killing ability against crickets. All strains killed crickets in a dose-dependent manner ( Fig. 2A) . The LD 50 value of P. aeruginosa PAO1 and BAA-2114 was 2.3 × 10 6 and 4.8 × 10 6 CFU, respectively (Fig. 2B) . The LD 50 values of S. aureus NCTC8325-4, Newman, MSSA1, MW2, FRP3757, and MRSA8 were within 7.2−44 × 10 7 CFU (Fig. 2C) . These results suggest that the killing ability against crickets is not strain-specific, but is conserved in P. aeruginosa and S. aureus.
Bacterial proliferation in the cricket body
To determine whether the injected bacteria proliferated in the cricket body before the crickets died, we measured the viable bacterial number in the cricket hemolymph after the bacterial injection. The number of viable P. aeruginosa or S. aureus cells increased over time and reached a plateau at 9-16 h after the injection (Fig. 3) , at which time the crickets died. These findings suggest that the injected P. aeruginosa or S. aureus cells proliferate in the cricket hemolymph until the crickets die.
Therapeutic effects of antibiotics against cricket death
To examine the applicability of the cricket model for the evaluation of antibiotics, we examined the effects of antibiotics against cricket death triggered by bacterial injection. We first examined the toxicity of kanamycin, ciprofloxacin, ceftazidime, oxacillin and vancomycin in crickets and found that the antibiotic concentrations used in this study did not kill the crickets (data not shown). The MIC of kanamycin, ciplofloxacin, and ceftazidime for P. aeruginosa PAO1 were 50 μg ml -1 , 0.4 μg ml -1 , and 3.1 μg ml -1 , respectively (Table S3 , Supporting Information). All of these antibiotics prolonged the survival time of crickets injected with P. aeruginosa PAO1 (Fig. 4A) , although the effect of ceftazidime was smaller than others. The MIC of ceftazidime for multidrug-resistant P. aeruginosa BAA-2114 was indistinguishable from that of P. aeruginosa PAO1, but the MICs of kanamycin and ciprofloxacin was 2-fold and 33-fold higher than those of PAO1, respectively (Table S3 , Supporting Information). All three antibiotics prolonged the survival time of crickets injected with P. aeruginosa BAA-2114 (Fig. 4B) , in which the therapeutic effects of kanamycin and ciprofloxacin were smaller than those in PAO1, whereas the effect of ceftazidime is greater than that in PAO1. The MICs of kanamycin, oxacillin and vancomycin for S. aureus NCTC8325-4 were 2.3, 0.2, and 1.6 μg ml -1 (Table S3 , Supporting Information). Administration of these antibiotics prolonged the survival time of crickets injected with S. aureus NCTC8325-4 (Fig. 4C) . The MICs of kanamycin, oxacillin and vancomycin for methicillin-resistant S. aureus MRSA8 were >200, 100, and 0.8 μg ml -1 , respectively (Table S3, The dose-response survival curves of male crickets (n = 5/dose) or female crickets (n = 5/dose) injected with P. aeruginosa PAO1 or S. aureus NCTC8325-4 were examined at 27 • C. The survival was monitored at 24 h after the bacterial injection. Results from two independent experiments were pooled and the survival curve was determined by logistic regression. All survival data are presented in Table S2 (Supporting Information) and crickets injected with saline were not dead in any of the experiments. The dose-response survival curves of crickets (n = 5/dose) injected with P. aeruginosa BAA-2114 or S. aureus strains including Newman, MSSA1, MW2, FRP3757 and MRSA8 were examined at 27 • C. The survival was monitored at 24 h after the bacterial injection. Results from two independent experiments were pooled and the survival curve was determined by logistic regression. All survival data are presented in Table S2 (Supporting Information), and crickets injected with saline were not dead in any of the experiments. The dose-response survival curves of crickets injected with P. aeruginosa PAO1 and S. aureus NCTC8325-4 at 27 • C are presented in but administration of vancomycin did prolong cricket survival (Fig. 4D) . The therapeutic effect of vancomycin in MRSA8 was smaller than that in NCTC8325-4. These results demonstrate that in vitro MICs and in vivo therapeutic efficacies are not consistent in some antibiotics such as vancomycin for NCTC8325-4 and MRSA8, and ceftazidime for PAO1 and BAA-2114.
Infection sensitivity of crickets at 37
• C
Because of the tropical and subtropical habitats of the twospotted crickets, we hypothesized that the sensitivity of crickets against bacteria is not generally affected by high temperature. We determined the dose-response survival curves of crickets infected by P. aeruginosa or S. aureus at 27
• C (Fig. 5A) . The LD 50 value of P. aeruginosa at 27
• C was 2.3 × 10 6 CFU, whereas the LD 50 value at 37 • C was 3.9 × 10 6 CFU (Fig. 5B) . The LD 50 value of S. aureus at 27
• C was 7.7 × 10 7 CFU, whereas the LD 50 value at 37
• C was 7.8 × 10 7 CFU (Fig. 5B) . Therefore, the infection sensitivity of crickets to P. aeruginosa and S. aureus was not increased at 37
Listeria monocytogenes is a human pathogenic bacterium that exists in various foods and environments. In L. monocytogenes, high environmental temperature increases the amount of PrfA, • C], three times) were pooled and the survival curve was determined by logistic regression. The P-value determined using likelihood ratio tests between the survival curves of L. monocytogenes EGD at 27
• C and 37
• C was less than 10 −4 . All survival data are presented in Table   S2 (Supporting Information) and crickets injected with saline were not dead in any of the experiments. (B) The LD50 values of P. aeruginosa PAO1, S. aureus NCTC8325-4 or L. monocytogenes EGD at 27
• C or 37 • C were determined by logistic regression in (A). The LD50 values of P. aeruginosa PAO1 and S. aureus NCTC8325-4 at 27
• C are same that in Fig. 2B and C. Error bars indicate standard errors. a transcription factor for virulence genes, resulting in upregulation of virulence factors (de las Heras et al. 2011) . Injection of L. monocytogenes killed crickets in a dose-dependent manner (Fig. 5A) . The LD 50 value of L. monocytogenes at 27
• C was 3.7 × 10 8 CFU, whereas the LD 50 value at 37
• C was 5.9 × 10 7 CFU, which was 6.3-fold less than at 27
• C (Fig. 5B) . Thus, the infection sensitivity of crickets to L. monocytogenes was increased at 37 • C.
Evaluation of Staphylococcus aureus virulence factors in crickets
Animal infection models are important for functional evaluation of bacterial virulence factors. We evaluated S. aureus factors in crickets that are required for virulence in mice and silkworms. The cvfA gene encodes an RNA modification enzyme regulating RNA degradation and is required for hemolysin production (Nagata, Kaito and Sekimizu 2008; Numata et al. 2014; Khemici et al. 2015) . The agr locus encodes proteins involved in quorum sensing and regulates S. aureus exotoxin expression and cell surface proteins (Novick, 2003) . The srtA gene is required for anchoring cell wall proteins (Mazmanian, Ton-That and Schneewind 2001) . We determined the dose-response survival curves of crickets infected with these gene-knockout mutants (Fig. 6A) . and srtA were determined at 27
• C. The survival was monitored at 24 h after the bacterial injection. Results from four independent experiments were pooled and the survival curve was determined by logistic regression. All survival data are presented in Table S2 (Supporting Information) and crickets injected with saline were not dead in any of the experiments. The P-value determined using likelihood ratio tests between the survival curves of NCTC8325-4 (Parent) and the cvfA-deletion mutant, Parent and the agr-deletion mutant or Parent and the srtAdeletion mutant was less than 10 −4 . The survival curve of crickets infected with
NCTC8325-4 at 27
• C is presented in Fig. 5A . The LD50 values of S. aureus gene knockout strains of cvfA, agr and srtA were determined by logistic regression in (A) and were compared with the parent strain. The LD50 value of the parent strain (NCTC8325-4) is same that in Fig. 2C . Error bars indicate standard errors.
3-fold higher than that of the parent strain (Fig. 6B) (Peleg et al. 2009; Kaito et al. 2011; Ishii et al. 2014) . In G. mellonella, high temperature increases sensitivity of larvae against various human pathogens, such as S. aureus (Desbois and Coote 2011) , Cryptococcus neoformans (Mylonakis et al. 2005) and Acinetobacter baumannii (Peleg et al. 2009) . Galleria mellonella has often been used as an infection model of P. aeruginosa at 37
• C (Miyata et al. 2003; Sonnleitner et al. 2003; Ryan et al. 2009; McLaughlin et al. 2012) , but the effect of temperature on the susceptibility has not been reported. The increased sensitivity of these invertebrate animals against microbial infection is assumed to be caused by the defects of innate immune system at high temperature. In D. melanogaster (Linder, Owers and Promislow 2008) , B. mori (Kiuchi, Aoki and Nagata 2008) and G. mellonella (Eguchi and Iwabuchi 2006; Browne, Surlis and Kavanagh 2014) , the cellular and humoral innate immune systems are inactivated at high temperatures. The present study demonstrated that the sensitivity of two-spotted crickets to P. aeruginosa or S. aureus does not increase at 37
• C compared with that at 27
• C. Consistent with this observation, the sensitivity of another species of crickets, Gryllus texensis, against S. marcescens is not higher at 33
• C than at 26
• C (Adamo and Lovett 2011). We propose the use of the two-spotted cricket as an animal infection model that does not universally exhibit increased sensitivity to bacterial infection at 37
The sensitivity of the two-spotted crickets to L. monocytogenes, whose toxic gene expression is upregulated at 37
• C (Johansson et al. 2002) , was increased at 37
• C compared to that at 27 • C (Fig. 5) . Therefore, the cricket infection model enables in vivo investigation of temperature-dependent virulence mechanisms of the pathogen. Temperature-dependent virulence gene regulation was recently reported in P. aeruginosa (Grosso-Becerra et al. 2014) . Because the killing ability of P. aeruginosa against crickets was not increased at 37
• C compared with that at 27 • C, it is plausible that the temperaturedependent virulence regulation of P. aeruginosa does not affect the killing of crickets, or that the cricket immune system is activated at a high temperature to antagonize the increased virulence of P. aeruginosa. In G. texensis, humoral innate immune responses, including phenoloxidase and lysozyme activities, increase at high temperatures (Adamo and Lovett 2011) .
To analyze the temperature-dependent virulence regulation of bacteria in the cricket model, the effects of high temperature on the cricket immune system must be determined. promote research on innate immune responses in crickets at a high temperature and facilitate our understanding of hostpathogen interactions. This study examined the therapeutic effects of several antibiotics in cricket model. In spite of the fact that the MIC value of vancomycin for S. aureus MRSA8 was 2-fold less than that for NCTC8325-4, vancomycin was less effective against MRSA8 than against NCTC8325-4. In addition, despite that the MIC values of ceftazidime for P. aeruginosa PAO1 and BAA-2114 were same, ceftazidime was less effective against PAO1 than against BAA-2114. The inconsistency between in vitro MIC and in vivo therapeutic efficacies may be due to ADME (adsorption, distribution, metabolism and excretion) of antibiotics or physiological alteration of bacteria in host environment. Such inconsistency between in vitro and in vivo has also been reported in other infection model animals, including mouse (Rodriguez et al. 2010) and G. mellonella (Benthall et al. 2015) . In the case of this study, the difference between in vitro and in vivo activities might be due to a physiological alteration of bacteria in host, because the efficacies were different between drug sensitive-and drug resistant-bacteria. Further, studies to clarify the molecular mechanism underlying the in vivo effects are important for establishing cricket model to evaluate antibiotics.
This study revealed that the cvfA, agr and srtA genes of S. aureus, which are required for S. aureus killing ability in mammals (Heyer et al. 2002; Weiss et al. 2004; Kaito et al. 2005) , are required for virulence in crickets. These genes are also required for virulence in invertebrate models other than crickets. The cvfA gene is required for virulence in silkworms (Kaito et al. 2005) . The agr gene contributes to virulence in silkworms (Miyazaki et al. 2012) , C. elegans (Sifri et al. 2003) , Manduca sexta (Fleming et al. 2006) and A. mellifera L (Ishii et al. 2014) . The srtA gene contributes to virulence in silkworms (Miyazaki et al. 2012) and A. mellifera L (Ishii et al. 2014) . These genes are not required for in vitro bacterial growth (Kaito et al. 2005) (Miyazaki et al. 2012) . These observations suggest that the functions of the S. aureus virulence genes are conserved among infectious processes in crickets, other invertebrates and mammals. The cricket is thus a promising animal infection model for the identification and functional investigation of bacterial virulence factors.
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